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 I 
摘要 
红树林是位于热带、亚热带潮间带的高生产力生态系统，是陆源重金属污染
物入海的缓冲带。红树林增加了水体溶解性有机物（Dissolved organic matters, 
DOM）和沉积物有机质的含量，对红树林湿地重金属源-汇效应产生深刻的影响。
解析重金属在红树林湿地中迁移转化途径、关键限制性因子，以及红树植物对重
金属的抗性，对于阐明重金属区域迁移和毒性有着重要的生态学意义。本研究针
对红树林广泛分布的重金属污染物 Cu和Cd，选择常见的红树植物秋茄（Kandelia 
obovata）为研究对象，以重金属迁移的关键区域——根际区域为切入点，以施
加 Cu（0、30、60 mg.kg-1）和 Cd（0、0.5、1.0、2.0 mg.kg-1）作为污染重金属，
设计了根箱实验，研究 Cu 输入对 Cd 污染沉积物中 Cu 与 Cd 形态变化、迁移及
其关键影响因子，论文的主要研究结论如下： 
（1）应用欧共体标准物质局连续提取法（BCR）研究了重金属形态分布。
Cu 施加提高了沉积物中可交换态及碳酸盐结合态的 Cd 含量，提高了 Cd 的生物
可利用性。根际和非根际沉积物中 Cu 主要以铁锰氧化物结合态存在。根际与非
根际沉积物中 Cd 的形态分布特征为：可交换态及碳酸盐结合态>铁锰氧化物结
合态>有机物及硫化物结合态>残渣态。 
（2）重金属的输入改变了秋茄根际沉积物中 DOM 的特征，DOM 与根际金
属的络合对金属形态分布、迁移有显著的影响。Cu 的添加提高了类腐殖质的含
量，适量的 Cu（30 mg.kg-1）的添加促使根际环境中形成更多的类蛋白的物质。
在高 Cu（60 mg.kg-1）处理条件下，根际沉积物中表征 DOM 的腐殖化程度与总
Cu、总 Cd 及 Cd 的各种形态显著相关，类腐殖质组分与总 Cu、有机物硫化物结
合态的 Cu、总 Cd、总 Cd 及 Cd 的各种形态显著相关（P<0.05）。应用三维荧光
光谱-平行因子分析法有效解析了污染沉积物中 DOM 的光谱特征。研究发现秋
茄沉积物样品的 DOM 中含有 4 个荧光组分，其中组分 C1、C4 是类腐殖质，组
分 C3 含有大量的植物有机质光降解产物，组分 C2 是类蛋白质。根际沉积物中
各组分的荧光强度均大于非根际，其荧光强度的顺序都为 C2>C3>C1>C4。%C1
与%C2、%C3、%C4 均显著相关，%C2 则与%C3、%C4 均显著相关（P<0.01）。
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对 DOM 荧光指数（FI）、生物源指数（BIX）、腐殖化指数（HIX）的分析结果
表明，秋茄沉积物中微生物活动是有机质转化的主要驱动力。根际沉积物中腐殖
质主要是新近自生源组分，非根际沉积物中的腐殖质主要来自于细菌。Cd 的添
加减少新近产生的腐殖质组分，低 Cu（30 mg.kg-1）添加可以缓解 Cd 对微生物
活动的毒害。BIX 与 DOC 浓度显著负相关性（P<0.05）。 
（3）Cu 施加减少叶中 Cd 的累积，而 Cd 促进了 Cu 从根向叶的迁移，秋茄
不同器官中的 Cd 含量依次为根>叶>茎。秋茄根中 Cd 的累积量随着 Cd 处理浓
度的升高而显著增加（P<0.05）。Cu 的添加显著减小根表铁膜提取液中 Fe 的浓
度；高 Cu（60 mg.kg-1）添加显著促进了根表铁膜对 Cd 的固定；Cu 和 Cd 的施
加对铁膜提取液中重金属的含量的变化表现出显著的交互作用（P<0.05）。Cu 和
Cd 的施加对 Cu、Cd 在秋茄体内的富集和迁移均有显著性影响，Cu 和 Cd 的施
加在秋茄对 Cu、Cd 的富集和迁移能力上表现出了显著的交互作用。 
（4）秋茄根部的内皮层和外皮层限制了 Cu 和 Cd 在植物体内的运输。秋茄
根的表皮、外皮层和内皮层都表现出了对 Cu 和 Cd 的累积作用，内皮层对 Cu
和 Cd 的累积能力更强。应用扫描电镜-能谱分析发现，与对照组相比，施加高浓
度的 Cu 和 Cd（浓度分别为 60 mg.kg-1 和 4 mg.kg-1）的秋茄根外皮层中 Cu、Cd、
氯（Cl）的含量分别上升了 20.5%、3.9%和 9.2%，而氧（O）的含量则下降了
17.9%；内皮层中 Cu、Cd、Cl 的含量分别上升了 29.2%、6.0%和 17.5%，而 O
的含量下降了 38.7%。应用显微镜观测发现，秋茄的外皮层细胞较大，并且具有
次生凯氏带结构，可以阻滞 Cu 和 Cd 的径向迁移；内皮层通过加厚的凯氏带阻
碍 Cu 和 Cd 从皮层细胞向木质部的运输。 
综上所述，不同元素在秋茄沉积物赋存形态不同，Cu 主要以铁锰氧化物结
合态存，Cd 主要以可交换态及碳酸盐结合态存在；Cu 和 Cd 都可以与根际沉积
物 DOM 中的腐殖质组分结合，改变了 DOM 的光谱特征，影响金属的生物有效
性；Cu 施加减少叶中 Cd 的累积；秋茄根的表皮、外皮层和内皮层都对 Cu 和
Cd 迁移起阻滞作用。研究结果为红树林湿地重金属的迁移与转化机理提供了新
视角。 
关键词：秋茄；铜；镉；可溶解性有机物；迁移
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ABSTRACT 
Mangrove forests are well known highly productive ecosystem in coastline and 
support numerous ecosystem services including dissolved organic matters supplying 
and heavy metal buffering. Under standing the fate of heavy metals transportation and 
their key limited factors in mangrove wetland is critical for pollution assessment and 
ecosystem management. This research focused on typical pollutant metal of copper 
(Cu) and cadmium (Cd) migration in rhizo-sediment of Kandelia obovata, a model 
mangrove plant. Rhizobox experiments were set up to investigate interactions on 
metal speciation，transportation and DOM characteristics in sediment applied with Cu 
(0, 30, 60 mg.kg
-1
) and Cd (0, 0.5, 1.0, 2.0 mg.kg
-1
). The main results were indicated 
as follows: 
(1) Three-steps sequential extraction method (Europen Communities Bureau of 
Reference, BCR) proposed by the European Commission was used to study the 
speciation distribution of heavy metals in sediment. The increasing concentration of 
Cu or Cd concentration promoted the proportion of exchangeable Cd in the 
rhizosphere, which means the bioavailability of Cd enhanced. The proportion of 
reducible Cu was the highest in the rhizosphere and bulk sediment. The distribution 
characteristics of Cd followed exchangeable>reducible>oxidizable>residual in 
sediment. 
(2) Heavy metals input changed the characteristics of dissolved organic matters 
(DOM) in K. obovata rhizosphere sediment. DOM has a significant correlation with 
metal speciation distribution and migration by complexing DOM with heavy metals. 
Low Cu (30 mg.kg
-1
) addition promoted the formation of protein-like substances in 
rhizosphere. With high Cu (60 mg.kg
-1
) addition, the humification degree of DOM in 
rhizsphere showed significant correlation with total Cu, total Cd and different 
speciations of Cd (P<0.05), humic-like component and total Cu, organic sulfide 
combination state of Cu, Cd, total Cd and Cd was significantly associated with total 
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Cu, total Cd, oxidizable Cu and different speciations of Cd (P<0.05). The fluorescent 
characteristics of DOM in polluted sediments were analyzed by Excitation-emission 
Matrix Spectroscopy coupled with Parallel Factor Analysis, indicated that DOM in 
rhizosphere and bulk sediment of K. obovata mainly contains four fluorescence 
components humic-like substance (C1, C4), maybe protein-like substances (C2), 
small amount of humic-like componentsand also contains a large number of 
photochemical product of terrestrial organic matter (C3). The fluorescence intensity of 
each component in rhizosphere was greater than that in bulk sediment with the order 
as C2>C3>C1>C4. There is correlation between different components, while %C1 is 
significantly correlated with %C2, %C3 and %C4 (P<0.01); %C2 is significantly 
correlated with %C3 and %C4 (P<0.01). Microbial activities were the main driving 
force for the transformation of organic matters in sediments of K. obovata. Results 
from the DOM fluorescence index (FI), index of recent autochthonous contribution 
(BIX), the humification index (HIX) showed that: The DOM was weak humic 
character and important recent autochthonous component in rhizosphere sediment, 
while the DOM in bulk sediment was biological or aquatic bacterial origin. Cd supply 
was found to reduce the proportion of organic matter sources of organic matter. 
Significant negative correlation was obtained between BIX and DOC (P<0.05).  
(3) The addition of Cu promoted the migration of Cu from sediment to the leaves. 
However, Cu addition restricted the migration of Cd. The concentration of Cd in 
different K. obovata organs showed the order as roots>leaves>stems. The 
concentration of Cd in roots increased with the increasing addition of Cd significantly 
(P<0.05). The low concentration of Cd (1.0 mg.kg
-1
) tends to increase the thickness of 
the iron plaque, however Cu significantly reduced the thickness of iron plaque 
(P<0.05). Cu (60 mg kg
-1
) addition significantly promoted the immobilization of Cd 
in iron plaque (P<0.05). The effect of Cu and Cd on the concentration of heavy metals 
in DCB-extracts showed significant interaction. Cu translocation factor (roots to 
leaves) was between 0.001 and 0.36, while the Cd translocation factor was between 
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0.17 and 0.93, the translocation ability of Cu is higher than Cd. Addition of Cu and Cd 
were significantly affected bioaccumulation and translocation factor of Cu and Cd, 
while Cu and Cd also showed a significant interaction on bioaccumulation and 
translocation factor of K. obovata. 
(4) The epidermis and exodermis, endodermis in the roots of K. obovata 
restricted Cu and Cd transport to xylem. Compared to the epidermis and exodermis, 
the endodermis showed stronger enrichment ability of Cu and Cd. Data from scanning 
electron microscope coupled with energy spectrum indicated the metal distribution in 
exodermis of roots. Compared with control group, supply of Cu and Cd 
(concentration is 60 mg.kg
-1
and 4 mg.kg
-1
, respectively) resulted in the content of Cu, 
Cd, chlorine (Cl) increased 20.5%, 3.9%, 9.2% respectively, while the content of 
oxygen (O) decreased 17.9%. The content of element in endodermis showed that the 
content of Cu, Cd, Cl increased 29.2%, 6.0%, 17.5% however, the content of O 
decreased 38.7%. Application of microscopic observation found that the exodermis 
cells had large vacuolesand obviously secondary Casparian strip structure which 
block Cu and Cd transport from exodermis to xylem.  
In conclusion, the speciation distribution of heavy metals in sediment is different. 
The proportion of reducible Cu in the rhizosphere and bulk sediment is the highest, 
while the exchangeable Cd is the most. Cu and Cd can bound to humic-like 
substances in sediment to change the spectral characteristics of DOM, affect heavy 
metals bioavailability. Cu promoted the migration of Cu from sediment to the leaves. 
However, Cu addition restricted the migration of Cd. The epidermis and exodermis, 
endodermis in the roots of K. obovata restricted Cu and Cd transport to xylem, the 
endodermis showed stronger enrichment ability of Cu and Cd. The results provide a 
new perspective for the migration and transformation of heavy metals in mangrove. 
Keywords: Kandelia obovata; Copper; Cadimum; Dissloved organic matters; 
Migration 
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第 1章 前言 
1.1 河口区域红树林湿地重金属的污染现状以及来源 
红树林是位于热带、亚热带潮间带的具有高生产力的生态系统，它以 0.1%
的陆地占有面积为海洋区域提供了陆源可溶性有机碳（Dissloved organic carbon, 
DOC）的 10%[1]。红树林湿地为热带、亚热带海岸带生态系统提供了维持物种多
样性、抵御海啸灾害、游憩观光等多种生态服务功能，还可增加碳汇，减少温室
气体的排放。由于红树林生态系统所在的海岸带区域是人为活动干扰最强烈的区
域之一，工业、农业与近海养殖业废水的排放使红树林生态系统汇集了大量的污
染物，包括许多的有机污染物与重金属以及类金属污染物，造成了生态系统的退
化[2, 3]。重金属污染物，因不能被生物降解、残留时间长和可通过食物链富集等
特性，受到越来越多的关注[4]。红树林湿地沉积物富含有机质，粘粒含量高，表
面电荷大，具有较高的保留潮汐海水和地表径流中污染物的能力，经常成为重金
属的汇集地[5]。红树林重金属污染包括：汞（Hg）、铅（Pb）、锡（Sn）、钴（Co）、 
铜（Cu）、铬（Cr）、镉（Cd）、锰（Mn）、锌（Zn）、镍（Ni）、铁（Fe）等[2]。 
1.1.1 红树林沉积物中重金属铜镉的污染现状 
由于受陆地径流、工业、农业以及海洋养殖业污水排放等影响，位于河口潮
间带的红树林湿地被多种重金属污染，在工农业生产中，重金属 Cu 和 Cd 的广
泛应用使 Cu 和 Cd 成为红树林沉积物中最常见的重金属污染物[6-9]。中国总耕地
面积六分之一的土壤已经被重金属污染，其中 16.1%的耕地土壤中的重金属含量
已经超过了土壤的环境质量标准，而在各种重金属和类金属中，重金属 Cd 在土
壤样品的重金属超标率中以 7%的比例排名第一[10]。随着经济全球工业化的发展，
世界各国河口以及红树林沉积物均存在不同程度的重金属污染。世界各地红树林
沉积物中的 Cu 和 Cd 含量见表 1.1[6-9]。而我国红树林湿地重金属的含量也随工
业发展程度而加重。 
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表 1.1 世界各地与国内红树林中 Cu 和 Cd 的浓度（mg.kg-1 干重） 
Table 1.1 Values of Cu and Cd concentrations (mg.kg
-1 
dry weight, DW) in 
mangroves around the world and China 
Location Cu Cd References 
Estero Salado, Ecuador 253.8 1.9 Fernández et al. (2014) 
South Port Klang, Malaysia 24.89 1.46 Sany et al. (2013) 
Las Cucharillas, Puerto Rico 89.17 ND Mejias et al. (2013) 
Fadiouth, Senegal 3.5 0.03 Bodin et al. (2013) 
Red Sea, Egypt 108 1.8 El-Said et al. (2013) 
Jambo, India 17.9 4.4 Behera et al. (2013) 
Pearl River, South China 52.52 1.18 Bai et al. (2011) 
Shenzheng Bay, South China 48.8 ND Huang et al. (2003) 
Jiaozhou Bay, South China 27.3 0.15 Xu et al. (2005) 
Dongzhai Haibor, South China 18 0.11 Qiu et al. (2011) 
Jiulong River, South China 49.01 0.73 This study 
 
Cu在自然界中分布广泛，是动植物生长发育必需的微量营养元素之一，对
生物体有重要的生理功能和营养作用[11]。Cu在植物体内参与光合电子转移、调
整蛋白质构成、线粒体的呼吸作用和细胞壁的新陈代谢等生理活动。但过量的
Cu会对植物体产生毒害作用，阻碍植物的生长发育，严重的可致使植物死亡[12]。
近年来随着我国Cu消费量的不断上升，Cu污染为我国的生态环境带来了很多压
力，这不仅表现在内陆环境，在近海和河口环境中也日趋严重。环境中的的Cu
可以沿食物链迁移，其中“蓝牡蛎”和“绿牡蛎”是牡蛎受到Cu污染的典型的表现形
式[13]。Cu在红树林生态系统中主要以铁锰氧化物和有机结合态形式存在于沉积
物中，红树林沉积物中的可溶解性有机物（Dissoved organic matters, DOM）对
Cu的形态和生物有效性起重要作用[14]。李柳强的研究发现Cu是植物体生长所必
需的微量营养元素，所以其在红树植物体中的的含量最高，且在根、茎、叶中的
含量相差不大[15]。朱颖的研究指出，红树植物组织对Cu和Cd的富集能力与红树
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